The safety of physically disabled persons must be considered during the initial developmental stages of a rehabilitative or assistive device to prevent death or injury. Thus, in the research eld of biomedical engineering, researchers specializing in physical assistive system development must take the initiative to ensure user safety. This paper proposes methods to plan and implement safety measures for physical assistive systems, using a wheelchair-compatible system with sit-to-stand (STS) movement support as an example. To promote daily independent active exercise and motor learning with progressively less assistance from specialists, the support system does not require the attachment of any device or sensor onto the user s body. To ensure safety, we rst identi ed the possible dangers of injury or other potential hazards involved in STS movement support. Next, we developed safety measures to prevent all the identi ed dangers of injury and hazards. The steps taken to develop these safety measures were submitted for ethical review. Finally, we con rmed the effectiveness of the safety measures developed by conducting fundamental and realistic experiments. The safety measures described in this paper were developed for the STS support system, but the method used to identify the required safety measures can be implemented in the development of any physical assistive system. The proposed method will help engineers to improve the safety of rehabilitative and assistive devices.
Introduction
In the research eld of biomedical engineering, it is necessary for researchers to consider the safety of trial participants by testing the system suf ciently in accordance with the Declaration of Helsinki. Inadequate safety protocol can potentially lead to serious patient injury, or even death. Thus, researchers must develop a safe system for users. As an example, safety measures are required for physical assistive systems because these systems provide physical assistance to realize the targeted movements. Moreover, when such systems are intended for use by physically disabled persons, the motor ability and/or medical condition of the users should be considered during development of safety measures for the systems. For this reason, researchers who develop physical assistive systems must develop not only the system, but also the necessary measures to ensure safety.
We have developed a new physical assistive system for learning sit-to-stand and stand-to-sit (STS) movements [1, 2] . The system does not require attachment of any device or sensor on the users body to encourage the wheelchair users to perform daily exercise. We proposed a system based on independent learning, meaning that it does not require assistance or intervention from a specialist such as a medical doctor or physical therapist. A signi cant safety consideration was fall prevention. Thus, a harness was incorporated into the design. However, because physically disabled persons, especially hemiplegic patients, are unable to secure the harness without assistance, a new method to encourage independent motor learning and ensure user safety is needed.
Related studies on the development of safety measures have proposed safety mechanisms for a gait-assisting exoskeleton robot [3] and an assistive system to assist daily life skills [4] . However, these systems were not designed to be used for daily activity support or independent motor learning. It would also be impossible to apply the safety measures implemented in the aforementioned systems to our system, which is a prototype. The safety measures required for a prototype in the initial stage of development are generally unclear, and are founded upon the sense of ethics of individuals. Thus, in this paper, we propose basic safety measures required for a prototype, using an STS support system as an example. The Cybernics group has overseen the development of multiple medical devices from prototypes [5, 6] . Safety measures were considered and the performance was veri ed throughout all stages of development, as these steps are very important in the development of a medical device. Therefore, the aims of this study were to develop safety measures for the STS support system, and to con rm the ef cacy of the measures. In addition, we propose the fundamental procedures for safety measure development, and discuss the importance of developing safety measures for a prototype medical device.
Methods

Safety Measure Identi cation
After choosing a target movement to be supported by the system, we rst identi ed the movements with potential to cause the most substantial harm. We de ne harm as a bruise, fracture, or death resulting from falling or a break in postural balance due to falling, which occurs frequently during STS movements. In addition, we determined the safety condition of the system. The safety condition is de ned as the state of the device required to prevent potential danger of injury. Safety measures are implemented to achieve appropriate safety condition by determining the danger of injury; they are implemented to protect the users from injury. The user s weight is supported by the seat. When the actuator output decreases to zero, the seat drops down, potentially injuring the buttocks of the user. Thus, we implemented the safety condition of arresting seat movement.
At the design stage, we subsequently considered several hazardous situations and dangerous conditions of injury associated with the STS movement support of the physical assistive system. In terms of STS movement support, falling and loss of postural balance are the conditions that pose the most signi cant dangers of injury. Safety measures to considerably reduce the danger of injury under these conditions are particularly essential, because we assume that patients perform the STS movements without a harness. Moreover, safety measures to reduce the risk of injury due to other factors including electrical, mechanical, physical and psychological dangers, should also be implemented. Thus, we identi ed the safety measures necessary to prevent loss of balance, other typical dangers of injury, and uncontrolled hazardous conditions. The details of the safety measures devel-oped for the system are shown in Appendix.
The safety measures are categorized into three types: inherent safety measure (I), functional safety measure (F), and operational policy (O) [7] . The inherent safety measure is a structural or mechanical method, and also the rst step taken to reduce the danger of injury. The functional safety measure is a programmable method, which is implemented in the case that the inherent safety measure is insuf cient to prevent danger of injury. The operational policy refers to the methods employed when using a system. The measures are the methods and cautions performed during an experiment. It is important for the developer of assistive devices to consider each safety measure throughout all stages of development, and to record the safety measures developed.
For ethical review, in addition to the general application form, we submitted a table of the safety measures, system speci cation with actual photographs and design reports, and the results of initial testing to verify the safety of the exploratory intervention test for physical disabled persons. During the rst trial, safety of the system is more important than the effectiveness of the physical assistive system. For this reason, we have provided evidence demonstrating the safety of the system.
Wheelchair-Compatible Assistive System
We developed a wheelchair-compatible assistive system incorporating the safety measures developed, as shown in Fig. 1a . The system integrates a support unit into a commercially available wheelchair, and includes a ground reaction force (GRF) sensor, battery, and monitor. We remodeled the previous wheelchair-compatible system [8] to facilitate non-medical usage of the system. The maximum gravitational force from the user, which can be sustained by the system, is 800 N. This value corresponds to the 90th or higher weight percentile for Japanese male adults [9] . Figure 1b provides an overview of the wheelchair-compatible support system and all the safety measures. The system supports STS movements via seat adjustment. The front portion of the seat is narrow, whereas the rear section is wide (Fig. 1c) . The reason is that the buttocks and groin areas of the seat should support the user s weight. Even if knee buckling occurs, the user does not fall because the seat of the system is located immediately under the buttocks. The system also has a locking mechanism to prevent the seat from dropping in the event that the power supply suddenly fails. Figure 2a shows the con guration of the locking mechanism with a solenoid and pin. When the power supply to the solenoid fails, the spring exerts force on the solenoid (Fig. 2b) . Then, the pin is locked into the gear via the locking part. The seat does not move even when user sits on it, because the gear connected to the ball screw does not rotate. Figure 2c shows the sectional view of the locking mechanism. To prevent the solenoid and plastic parts from breaking by locking, we used the base part to limit the movement of the pin, and made mechanical plays among the pin, the plastic parts and the solenoid.
Inherent Safety Measures
We con rmed that the inherent safety measures developed satisfy the required conditions in the design step before assembling the system. Figure 3 illustrates the side view of the wheelchair-compatible system. The two dashed lines indicate the centers of the front and rear tires. The grey arrow indicates the position of the load applied by the user. This gure shows that the user load is within the support area of the system. Thus, the system does not collapse even if the user sits on the seat when the seat is in its highest position.
We carried out structural analysis to ensure that the structural strength of the system was suf cient to prevent distortion and breakage. We analyzed the safety pro le with respect to strength using simulation software (Solidworks ® 2015). According to international standards for basic safety of medical electrical equipment [10] , the system must have a strength safety factor of at least 2.5. Thus, we designed the structural components of the system to comply with these standards. Figure 4 illustrates the structural analysis of the support unit. An 800 N load was applied to the front of the seat to simulate what would occur in the event of knee buckling (Fig. 4a) . The components connected to the wheelchair are xed (Fig. 4b) . The seat was set at the highest position because this event applies the greatest load to the linear mechanism. An overview of the results of the analysis is presented in Fig. 4c . The results showed that the safety factors for the stainless pipes in the linear mechanism and attachment for the wheelchair were 3.2 and 2.7, respectively. We thus con rmed that the safety factor of the support unit is greater than the target safety factor of 2.5. 
Functional Safety Measures
We developed the functional safety measures necessary to prevent injury in the event of clonic seizure and uctuating seat movement speed. Lower limb clonus is considered to be triggered by the stretch re ex of the gastrocnemius [11] . The vast majority of patients with clonic seizures cannot control the affected leg once the seizure has begun. It is also reported that the patients are unable to maintain postural balance following onset. Thus, it is important to block seat movement to prevent injury due to falling as a result of seat movement during clonic seizures. We developed a clonus detection mechanism and functional safety measures for STS learning. With the proposed STS learning method, the system measures the GRF of the toe and heel components. The GRF of the toe component uctuates during clonic seizures [2] . Thus, clonus can be detected from vibration of the GRF of the toe component (GRFt). Clonus, or a cramp, is a muscle spasm that oscillates at a frequency of approximately [5] [6] [7] [8] . Detection of clonus is feasible by classication according to frequency, because the frequency of STS movements is less than or equal to 1 Hz. We have developed a simple clonus detection method to reduce the processing load during frequency analysis. In order to detect the vertical vibrations of GRFt, we implemented upper and lower thresholds. Figure 5 illustrates the system owchart for clonus onset detection. First, the system calculates the mean of 20 GRFt datasets. The upper and lower thresholds are then determined based on the mean value. Thus, the upper and lower thresholds were set at 20 N. When the current GRFt exceeds the upper threshold or decreases to less than the lower threshold, the count increases. When the count reaches a value of three, the system assumes that the user is experiencing a clonic seizure. If the count does not increase over a period of 100 ms, the count decreases by a value of one. Each parameter value was determined following a prior test on a patient with persistent clonus, to detect the clonus within 1 s of onset. We determined the detection time together with cooperating physical therapists, because it was agreed that loss of postural balance would not occur if the seat stop was initiated within one second of clonus onset. Following clonic seizure detection, the system blocks seat movement and alerts the user via a buzzer. When the count decreases to zero, the system allows seat movement again.
The learning method for this system requires that the speed of STS movements be equivalent to that of the seat movement. An STS speed that exceeds the human body tolerance may cause the patient to lose balance. Moreover, when the system operates at a STS speed higher than that anticipated by the patient, the surprise or impulsive muscle tension may induce clonus. It is critical that the STS movement support system operates in accordance with user expectation. Thus, we employ PID position control to limit the maximum seat movement speed. In a prior study, users required a minimum of 7 s to perform sit-to-stand movement, and this speed was regarded by all users to be a comfortable speed. Therefore, we set the current maximum seat movement speed to 60 mm/s. This speed corresponds to sit-to-stand movement requiring a duration of ve seconds.
Initial Testing
It is important to verify the ef cacy of the safety mechanisms and functions developed before allowing physically disabled persons to participate in trials. Thus, we conducted initial testing using dumbbell weights and able-bodied participants.
Stability Testing
Stability testing was conducted to verify that the system did not slope forward when the load was applied on the seat. For the experimental condition, the seat was set at the highest position of the support unit, at which the largest moment against the support unit occurs. The front wheel of the wheelchair was set to move in the backward direction, assuming the condition of a small support area. Additionally, an 800 N load, which is equivalent to the target maximum user weight, was placed on the seat. From the results, the system did not slope forward when an 800 N load was placed on the seat. We also veri ed (11) that the system did not drop forward under the conditions of an 800 N load being placed on the seat and an experimenter repeatedly shaking the system from front to rear. Thus, the system does not collapse while supporting the standing user at the higher seat position, as con rmed by the safety analysis mentioned in Section 2.3.
Locking Mechanism Testing
The test was conducted to con rm that the locking mechanism blocked seat movement in the event of sudden system shutdown. An 800 N load was placed on the seat, as in the above-mentioned test. For the experimental conditions, the seat position was set at random along the axis of the linear mechanism. After performing ten trials, we measured the mean movement distance following shutdown. When in use, a battery supplies power for the control unit. However, in the test, an external power supply was used to operate the angle sensor and processing board. Figure 6 shows photographs of an experiment testing the locking mechanism. Initially, the seat rose in response to the supporting 800 N load, as is shown in (a). Thereafter, the experimenter shut down the system, as shown in (b). As a result,, the display of the controller was turned off, as shown in (c). However, it can be seen that the weight did not fall. The mean drop distance for ten trials was 1.3 ± 0.4 mm. This slight drop would not cause the user to lose balance or injure the buttocks. From these results, we con rmed that the locking mechanism prevented seat collapse even in the event that the power supply became inoperable.
Testing with able-bodied persons
In this test, we con rmed that the system supported STS movements under normal GRF conditions. We also conrmed the ef cacy of the clonus safety function by instructing able-bodied participants to shake one of their feet repeatedly to imitate a person experiencing a clonic seizure. Before the trials, the participants were given time to familiarize themselves with the system under the supervision of physical therapists.
Realistic Testing
We conducted exploratory trials in a hemiplegic patient with persistent clonic seizures, to con rm system ef cacy and that the proposed STS learning method could be performed in the absence of any adverse events. The experiments were performed in accordance with the procedures approved by the appropriate institution board (CY-BERDYNE, INC., Research Ethics Committee, #160002), and the participant provided consent before being allowed to participate in this experiment.
Participant and Procedure
We implemented the system using the same patient who participated in the exploratory testing. The participant was a 61-year-old female patient with hemiplegia on the left side resulting from stroke (height: 162 cm; weight: 62 kg; Brunnstrom stage: upper limb II, lower limb IV; modi ed Ashworth Scale: upper limb 0, lower limb 1, foot ankle in muscle contraction 3; Barthel index: 80/100). She was able to stand up and sit down using a handrail, but she often experienced involuntary clonic seizures during STS movements. Following clonus onset, she typically experienced multiple consecutive clonic spasms.
The participant performed ten STS learning trials using the system. She was asked to increase the GRF of the affected side and to equalize usage between the affected and unaffected side. In the event of clonus onset, she was asked to stop the movement by relaxing her muscles. Comments on the system were collected from the participant during and after testing.
By viewing video footage of the test trials, two cooperating physical therapists counted the number of clonus occurrence and the corresponding number of times that the safety function operated effectively. We evaluated the performance of the safety function from the results presented by the physical therapists. We also measured the time between clonus onset and subsequent detection. Clonus onset was de ned as the initiation of GRF sensor movement uctuation. Figure 7 shows the system status with respect to movement, the GRF, and the phase. This gure indicates that the system supported the STS movements when the GRF of the affected side increased beyond the target value to equal the GRF value of the unaffected side. We conrmed that the wheelchair-compatible system provided STS learning for a hemiplegic patient as effectively as the conventionally used system. In addition, the system was able to arrest seat movements when clonus occurred. The safety ag indicates the detection of clonus onset. The cooperating physical therapists con rmed the number of clonus detection and the actual number of clonus onset during the trials, which were 27 and 24, respective- (12) ly. The system was proven to effectively detect clonus onset. The mean time from clonus onset to the detection of clonus was 0.56 ± 0.22 s. We found that the system was able to detect the occurrence of clonus within one second. Thus, we con rmed the ef cacy of the proposed safety function for detecting clonic seizures. However, as mentioned above, the system gave false-positive result three times. In these case, uctuation of the GRF value around the threshold caused the seat to shift intermittently. Consequently, the small seat shifts caused the GRF sensor to vibrate. Additionally, the system would detect the seat movement via sensors that measure muscle contractions of the participant. This method takes advantage of the fact that the participant had dif culties executing controlled movement on the affected side. Although the system yielded false-positive results, the participant did not think the false-positive detection events hindered STS learning, because the number of events was small and the duration of seat movement was short. We considered the three instances of false-positive detection to be acceptable, because the most important aim was to conduct safe exploratory trials. The cooperating physical therapists also commented that when clonus occurred, the automatic seat stop made them feel relieved. During the exploratory test, the participant experienced clonic seizures, but no adverse events were observed.
Results
Discussion
In the research eld of biomedical engineering, considering the safety of physically disabled persons is essential. In particular, safety measures for physical assistive systems are exceedingly important because the systems impact the structure and function of the body by introduc-ing external physical force. Thus, physical assistive medical device prototypes should incorporate safety measures that facilitate easy integration into daily life. Moreover, it is important not only to develop safety measures, but also to verify safety of the device after the intervention experiment. In studies that developed a wearable physical assistive robot, skin injury resulting from excessive rubbing between the cuff of the robot and the surface of the skin was con rmed in intervention experiments [13, 14] . In the present study, we con rmed that no skin injury occurred between the seat and buttocks, and that the users did not experience any pain while using the system [1, 8] . Objective and subjective opinions of the users must be considered to verify the safety of a physical assistive system. When companies developing medical or electrical devices verify the safety of a device, risk assessments are performed. Risk is the safety index, which is calculated by considering both probability of occurrence of harm, and the severity of harm [15] . When calculating the risk, each value should be determined based on a reasonable prediction. The reasonable prediction is determined according to developer experience or using a statistical indicator obtained from exploratory intervention testing, data of similar products, or destructive testing. However, when developing a prototype, and particularly when a developer only manufactures a single device, it may be dif cult to validate the safety of the device based solely on reasonable prediction. The reason is that since the device has not yet been implemented practically, destructive testing cannot be conducted. In the case that a similar device has already been proposed, the safety measures of the similar device can be implemented, but may not be speci c. Thus, it would be dif cult to perform risk assessment during the initial developmental stages of the device.
However, developers must explain the potential dangers of using the physical assistive device and the safety measures to prevent them. In this paper, we proposed the safety measures for a physical assistive system designed for physically disabled persons by considering the safety requirements for a wheelchair-compatible system with STS movement support. We also proposed that safety measures should be developed before completing the system design, and be updated throughout all stages of development as well as initial and intervention tests. We rst determined the most critical potential dangers. When designing the STS movement support device, we considered possible bruises, fractures, and death resulting from falling or loss of postural balance. Second, we identi ed additional dangers of injury due to hazardous device components and human physical, electrical, structural, and psychological factors. Next, we de ned the safety (13) conditions for the system and developed safety measures for each danger of injury and hazardous situation. At this step, it is important to properly record the methods used to develop the safety measures for submission to an ethical review committee. Finally, we con rmed the ef cacy of the safety measures developed by conducting experimental trials in able-bodied subjects and a physically disabled participant. In the event that the safety measures are inadequate, developers should introduce a new safety measure and update the table of safety measures. Although the safety measures described here were developed for an STS support system, the general procedure of considering safety measures can be applied to improve the safety of any physical assistive system, as shown in Fig. 8 .
In recent years, many joint research projects between academic researchers and medical device companies have been implemented. Clinical ef cacy and safety are required to develop a commercially viable medical device. At the initial developmental stage, it is most important to ensure the safety of the device. All stages of safety measure development, including the proof of concept stage and the presentation of evidence of the device safety, are essential to ensure the safety of a medical device. In this research, we planned to design the system as a treatment device that can be used in medical and non-medical elds. We implemented detailed safety measures to facilitate use of the system in non-medical setting, where it is dif cult to ensure user safety. In the eld of upper limb training for stroke patients, home rehabilitation using a physical assistive system has already been proposed [16] . The International Standard Organization has provided guidelines regarding the safety measures necessary for a physical assistive system at a non-medical site [17] . In the near future, research on the safety of physical assistive systems is projected to in-crease and become more detailed for physical assistive systems operated at a non-medical site. The proposed process of considering safety measures may help developers design a safe physical assistive system. We tested the system in one physically disabled participant. In the future, we plan to include a larger number of wheelchair users in the system trials to further con rm the safety and rehabilitative effects of the system. We will also conduct an intervention experiment with less dependence on assistance from specialists such as a medical doctor and physical therapist to facilitate implementation of the system at a non-medical site.
Conclusion
We proposed the safety measures for a physical assistive system designed for physically disabled persons by considering the safety requirements of a wheelchair-compatible system with sit-to-stand movement support. The support system does not require attachment of any device or sensor onto the body of the user as a means to reduce assistance from specialists such as medical doctors and physical therapists. To design a safe physical assistive system, we rst identi ed all potentially inadequate situations and dangers of injury due to impact with components of the system. We then developed safety measures to prevent danger of injury due to these dangerous conditions. Before assembling the system, we analyzed the structural strength of the system to con rm the strength of the structural components. We also developed a locking mechanism to block seat movement in the event of an unexpected system shutdown. Regarding the functional safety measures, we determined the maximum seat movement speed at which the system could effectively operate. Moreover, we developed an algorithm to detect clonus onset because clonus may cause the user to lose balance. An initial intervention experiment conducted in a hemiplegic patient with persistent clonic seizures con rmed that the system safely supported learning of STS movement, and that the safety intervention function for clonus was effective. We also conrmed that no adverse events occurred. In this paper, we describe the importance of implementing safety measures at the initial stage of development and updating the measures through testing. The proposed methods for considering safety measures will help developers design a safe physical assistive system.
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